ε-Proteobacteria form a globally ubiquitous group of ecologically significant organisms and comprise a diverse range of host-associated and free-living species. To grow by anaerobic respiration, many ε-proteobacteria reduce nitrate to nitrite followed by either nitrite ammonification or denitrification. Using the ammonifying model organisms Wolinella succinogenes and Campylobacter jejuni, the electron transport chains of nitrate respiration, respiratory nitrite ammonification and even N 2 O (nitrous oxide) respiration have been characterized in recent years, but knowledge on nitrosative stress defence, nitrogen compound-sensing and corresponding signal transduction pathways is limited. The potentially dominant role of NssR (nitrosative stress-sensing regulator)-type transcription regulators in ε-proteobacterial nitrogen metabolism is discussed.
Introduction
ε-Proteobacteria comprise host-associated heterotrophic species (exemplary genera being Campylobacter, Wolinella and Helicobacter), as well as free-living species that have been isolated mostly from sulfidic terrestrial and marine habitats [1] . ε-Proteobacterial cells usually grow at the expense of microaerobic or anaerobic respiration and often use hydrogen, formate or reduced sulfur compounds, such as sulfide or thiosulfate, as electron donor substrates. Nitrate is a prominent electron acceptor in ε-proteobacteria and is initially reduced to nitrite (nitrate respiration). Subsequently, nitrite is further reduced either to ammonium (respiratory nitrite ammonification) or, via NO (nitric oxide) and N 2 O (nitrous oxide), to dinitrogen (denitrification) (see [2−4] for reviews). Most of the ammonifying ε-proteobacteria employ the Nap (periplasmic nitrate reductase) and Nrf (cytochrome c nitrite reductase) electron transport systems that catalyse menaquinol oxidation by nitrate or nitrite respectively [2] . In addition, cytochrome c nitrite reductase (NrfA) is known to reduce reactive NO molecules (nitrosative stress defence) as well as hydroxylamine, which is a toxic and mutagenic substance. In contrast, denitrifying ε-proteobacteria lack the Nrf system but encode cytochrome cd 1 nitrite reductase, at least one NO reductase and the exceptional cNos (cytochrome c N 2 O reductase) system [2] . The cNos system is also present in some ammonifying ε-proteobacteria and was shown to be responsible for growth by N 2 O respiration in Wolinella succinogenes [5, 6] . Overall, the enzymes participating in respiratory nitrogen metabolism, the gene loci encoding them and the organization and function of the corresponding electron transport chains are well characterized [2] . In this context, it is noteworthy that ε-proteobacteria use a set of unusual menaquinol dehydrogenases that are essential for electron transport to the individual terminal reductases NapA (periplasmic nitrate reductase), NrfA and cNosZ. Among these are membrane-bound iron−sulfur protein complexes of the NapGH/NosGH-type and the tetrahaem cytochrome c NrfH which belongs to the NapC/NrfH family [7−12] . With regard to respiratory nitrogen metabolism, the best-characterized ε-proteobacterial model organisms are Campylobacter jejuni which is the leading cause of food-borne gastroenteritis in humans and W. succinogenes, a commensal bovine rumen bacterium [2] .
In the present paper, we briefly summarize the current view on nitrosative stress defence in ε-proteobacteria as well as on nitrogen compound-sensing and the corresponding regulatory pathways. Emphasis is laid on the existence and function of NssR (nitrosative stress-sensing regulator)-type transcription regulators which are members of the Crp (cAMP receptor protein)−Fnr (fumarate and nitrate reductase regulator) superfamily.
Sensing and defence of nitrosative stress in ε-proteobacteria
It is assumed that ε-proteobacterial respiratory nitrogen metabolism generally results in the formation of small amounts of NO and/or other reactive nitrogen species which exert nitrosative stress on the cells [13−16] . Therefore the sensing of such compounds as well as the induction of nitrosative stress defence proteins appears to be vital for cell proliferation. In addition, nitrosative stress tolerance is especially important for pathogenic ε-proteobacteria to resist cell inactivation by NO-producing macrophages [13, 17] . Nonetheless, there are only a few studies on the enzymology of nitrosative stress defence in ε-proteobacteria, and different mechanisms of NO detoxification may exist.
Many bacterial proteins have been described that play distinct roles in overcoming nitrosative stress [13] . The most prominent examples are globins, such as myoglobin, Hb (haemoglobin) and flavohaemoglobin (Hmp), as well as flavorubredoxin (NorV), NrfA and Fdps (flavodi-iron proteins) [13, 18] . These proteins use different mechanisms to bind and convert NO and were shown to produce either nitrate, N 2 O or ammonium. Regarding ε-proteobacteria, Hb, NrfA and Fdp are encoded on the genomes of some, though not all, species whereas Hmp and NorV appear to be absent throughout [2] . These findings suggest different enzymic inventories to combat NO-imposed stress. Detailed studies on nitrosative stress defence were reported for the ammonifying species C. jejuni and Campylobacter coli [19−21] . A C. jejuni mutant lacking NrfA exhibited a hypersensitive phenotype to nitrosative stress mediated by chemicals known to release NO radicals or to NO + ions [19] . Accordingly, NrfA was suggested to enable periplasmic detoxification of reactive nitrogen species. On the other hand, C. jejuni is known to synthesize Hbs referred to as singledomain Hb (Cgb) and truncated Hb (Ctb) [20, 22, 23] . The production of Cgb in C. jejuni is induced under nitrosative stress conditions and also by the presence of nitrate or nitrite and a cgb mutant was found to be hypersensitive to GSNO (S-nitrosoglutathione) and NO [19, 20, 24] . In contrast, the genome of W. succinogenes does not encode any Hbs, but mutants lacking either NrfA or Fdp showed significantly increased sensitivity to GSNO-or spermine NONOateinduced nitrosative stress in both disc diffusion and cell viability assays (M. Kern, J. Volz and J. Simon, unpublished work). The results suggest that NrfA is the major defence protein to resist nitrosative stress, which is in line with the fact that low amounts of active NrfA are present even in the absence of nitrate or nitrite, for example during anaerobic fumarate or polysulfide respiration [25] . The NO response of Helicobacter pylori cells that naturally lack NrfA, Cgb and Ctb was investigated recently using a proteomic approach, but distinct proteins known to function in NO detoxification were not reported [26] .
An NO-sensitive transcription regulator was found to be involved in expression of the cgb and ctb genes in C. jejuni [21] . This protein was named NssR and it belongs to the Crp−Fnr superfamily of transcription regulators [27] . Such proteins contain an N-terminal sensory (or effector) domain and a C-terminal DNA-binding domain that recognizes target sequences by means of a helixturn-helix motif. Effector domains respond to signals such as cAMP, anoxia, NO, carbon monoxide or oxidative and nitrosative stress, thereby mediating a wide range of metabolic adaptations to changing intracellular conditions or exogenous environments. Several other members of this family, for example Fnr, Dnr (dissimilative nitrate respiration regulator) and NnrR, were recognized to play a role in NO-sensing and nitrosative stress defence in other bacteria although their mechanisms of NO-binding appear to differ, depending either on the presence of an iron−sulfur centre (as in Fnr) or haem (as in Dnr) [28−31] . Regulators of the NssR-type are commonly encoded in ε-proteobacterial genomes (although genes encoding other members of the Crp−Fnr superfamily including homologues of Fnr and Dnr appear to be absent) and usually one, two or even three homologues were predicted (M. Kern, C. Winkler and J. Simon, unpublished work; see also below). Interestingly, some Helicobacter species (including H. pylori) that are incapable of using nitrogen compounds for anaerobic respiration also lack NssR-type regulators.
In C. jejuni, disruption of the nssR gene abolished inducible cgb expression and the mutant proved to be hypersensitive to nitrosative stress [21] . Furthermore, an NssR-dependent nitrosative stress-responsive regulon was described and a palindromic DNA-binding sequence reminiscent of Fnrand Dnr-binding boxes (consensus sequence TTAAC-N 4 -GTTAA) was found upstream of the regulated genes at locations − 40.5 to − 42.5 relative to the centre of the binding sites and the transcription start point [21, 24] . It is not known whether NssR does bind NO directly since the protein has not been purified. To date, it cannot be excluded that NssR binds a cofactor (for example a haem) similar to what was reported recently for Dnr from the denitrifying γ -proteobacterium Pseudomonas aeruginosa. In this case, the effector domain revealed a hydrophobic pocket that was proposed to accommodate a haem molecule [31, 32] . The haem-containing Dnr form is able to bind NO and was shown to act as a transcriptional activator in an Escherichia coli-based test system [33] . Interestingly, the C. jejuni nap and nrf gene clusters are not preceded by putative NssR-binding sites and the transcription of these genes was not found to be induced by nitrosative stress [24] . Therefore NrfA seems to represent a constitutively produced nitrosative stress defence protein [19] .
Studies on nitrosative stress defence in denitrifying ε-proteobacteria have not been reported, but it is striking that such bacteria often lack both NrfA as well as homologues of the Cgb and Ctb globins, suggesting mechanisms fundamentally different from ammonifying species [2] .
Regulation of respiratory nitrogen metabolism in ε-proteobacteria
In W. succinogenes, it has been known for a long time that the presence of the respiratory Nap, Nrf and cNos is positively regulated in response to the presence of nitrate, nitrite and N 2 O [25] . However, the molecular basis of nitrogen compound-sensing and the composition and mechanism of the corresponding signal transduction pathway(s) have not been investigated in any detail, neither in W. succinogenes nor in any other ε-proteobacterium. Generally, these bacteria do not contain nitrate/nitrite sensors homologous with the NarXL/NarQP two-component systems from enteric determined transcription start site (underlined nucleotide) is given. Nss-binding sites were identified by searching the genome using the template TTGA-N 6 -TCAA. Note that the nssC gene was previously designated dnrD [6] . c.h., conserved hypothetical open reading frame.
bacteria [2] . Therefore a reasonable hypothesis is that NO is actually sensed by W. succinogenes in order to promote the expression of nap, nrf and nos genes. In this way, both respiratory nitrogen metabolism as well as the major nitrosative stress defence protein would be regulated simultaneously. Indeed it was found that the amount of each terminal reductase involved (NapA, NrfA and cNosZ) increased in response to the addition of NO-generating compounds such as GSNO and spermine NONOate (M. Kern and J. Simon, unpublished work). Intriguingly, the DNA regions upstream of the W. succinogenes nap, nrf and nos gene clusters contain potential Nss-binding sites within reasonable distances of the respective transcriptional start sites (Figure 1) . Altogether, however, three NssR-type regulators (Ws0913, Ws1181 and Ws1193) are encoded on the W. succinogenes genome whose effector domains appear to be unrelated [34] . The gene encoding one of these, NssC (Ws0913), is situated immediately upstream of the nos gene cluster and it was suggested previously that this protein might be involved in the regulation of cNos synthesis (Figure 1 ) [6] . Possibly, the three NssR homologues mediate the regulation of the Nap, Nrf and cNos systems in response to an environmental signal that could be NO (although nitrate, nitrite and even N 2 O cannot be excluded to date). Mutants lacking one of the three NssR-type proteins have been constructed and are currently being characterized for their capability of respiratory nitrogen metabolism and nitrosative stress tolerance.
Conclusions and perspective
The presented results suggest that ε-proteobacteria possess different mechanisms of nitrosative stress defence. A central role for NssR-type regulators is proposed both from experimental and in silico studies but it remains unclear for most species which signals (nitrate, nitrite, NO and/or N 2 O) are perceived by the cells. Future experiments will address the purification of NssR-type regulators and subsequent testing for cofactor binding as well as DNA-binding assays designed to determine the specificity of individual proteins with respect to the various postulated genomic-binding sites.
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